Introduction
The energy consumption in the world is constantly increasing simultaneously as the problems with global warming are causing serious concerns [1] . This has opened the market for new fuels, more or less classified as bio-fuels and not considered to contribute to the net CO 2 emissions to the atmosphere. Examples of such fuels are municipal sewage sludge, refuse derived fuel (RDF) and agricultural wastes, such as straw. Fluidized bed (FB) boilers are known to be very fuel flexible due to the stable and suitable for co-combustion of different fuels. However, since the combustion usually takes place in a sand bed, interactions between fuel ash components with the bed material may occur. Such processes frequently lead to the formation of compounds with low melting points. Thus, it can cause severe agglomeration problems and in the worst case a turn down of the boiler operation. To make it possible to avoid such problems, it is crucial that the chemical properties of the ash forming components in the fuels are known. Thus, it is necessary to have tools for predicting the behaviour of the ash forming elements in new fuels and fuel mixes. Investigation of the chemical character of inorganic fuel components by chemical fractionation is a method that has been developed and implemented during the last 20 years. The fractionation is based on differences in solubility between different chemical forms of the elements studied. The fuel is selectively extracted with three solvents in which characteristic groups of compounds are dissolved and can be quantified. This methodology was developed by
Benson [2] for application on coals, used by Baxter [3] and finally modified by Zevenhoven [4] to be suitable for biofuels. A database containing fractionation data for hundreds of different biofuels has also been compiled at Åbo Akademi University [5] . This data base was created in order to help researchers and industry to easily find data that can be used to predict the ash properties for new fuel mixes.
Alkali compounds as carbonates, sulfates and chlorides are easily leached out by water and thus separated for analysis. Ammonium acetate extracts Na, K, Ca and Mg associated with organic compounds together with some calcium carbonates.
Compounds extracted by water and ammonium acetate are assumed to be reactive in the combustion and their relative concentrations influences what impact the fuel has on the boiler in terms of corrosion, deposit formation and/or bed agglomeration [6] . Compounds not extracted by these two solvents are considered inert in the combustion, not influencing the combustion behaviour in any significant way. There are some exceptions discussed in this paper as for example the plastic PVC.
In this work two sewage sludges and a pelletised RDF, as well as coal and biofuels already present in the database, were investigated by the chemical fractionation method [5] . In addition, three fuel mixes comprising some of the above mentioned fuels were studied along with the fly ashes produced in co-combusting tests. The results were used to explain the impact of the different fuel blends on the processes involving inorganic fuel species during combustion and on the fly ash composition. Published results from earlier investigations [7, 8] on co-combustion of biofuels with sewage sludge have shown significant reduction of alkali chlorides both in the flue gas and in deposits in the present FB boiler. This was the case even though the sewage sludge contributed with significant amounts of the potentially troublesome species K, Na and Cl.
Experimental background

The Fuels
The six fuels to be studied in this work were chosen to represent the broad spectrum of fuels on the market that are relevant for FB combustion to date. The fuels were: two digested municipal sewage sludges from large waste water treatment plants in Sweden 
The CFB unit
The 12 MWth circulating fluidized bed (CFB) boiler at Chalmers University of Technology (Göteborg, Sweden) was used for the combustion tests, Figure 1 . The combustion chamber (1) has a square cross-section of about 2.25 m 2 and a height of 13.6 m.
The fuel (wood pellets) is fed to the bottom of the combustion chamber through a fuel chute (2).
The mechanically dewatered sludge was supplied by a special sludge pump (reconstructed cement pump) (13) to the return leg where it is mixed with the hot particles coming from the primary cyclone (5) before it enters into the combustion chamber. Primary combustion air is supplied to the bottom of the combustion chamber (3), and secondary air is injected through a nozzle register located just above the fuel chute (4). After passing the exit duct of the cyclone (7), the flue gases are cooled to 150°C in the convection section and about 80% of the coarsest size fraction of the fly ashes are separated from the flue gases in a secondary cyclone (8) and the remaining fraction of fines is captured in a textile bag filter (9) . This is not a common arrangement in commercial CFB boilers, but it has the advantage of giving fly ash samples with different size distributions depending on the collection point. This gives the opportunity to study how the particle size distribution influences the characteristics of the ash.
Combustion tests
Three co-combustion tests were carried out with different fuel mixes. In the Reference case 79
wt-% wood pellets was co-combusted with 21 wt-% straw pellets to make a fuel blend with a high loading of potassium species. In the case called "Sludge" a mixture of biofuel pellets (67 wt-% wood, 21 wt-% straw) were co-combusted with 12 wt-% sewage sludge. The last test, named "Waste", was carried out with a fuel blend of 45 wt-% wood pellets, 14 wt-% wood chips, 11 wt-% sewage sludge and 30 wt-% RDF.
For all three co-combustion tests typical operating conditions for a CFB boiler were chosen. This corresponds to a bottom bed temperature of 850 °C, an excess air ratio of 1.2 and a load corresponding to a fluidization velocity of 5 m/s in top of the combustion chamber. Forty percent of the total air supply was injected as secondary air. An in-situ alkali chloride monitor (IACM) was used for the on-line monitoring of the gas-phase KCl and NaCl. This instrument is described in [8] . A Fourier transform infra-red analyser was used for the determination of SO 2 and HCl in the flue gas.
Chemical fractionation
The fly ash samples used in the chemical fractionation was a mix of secondary cyclone and bag filter ash composed in proportion to the measured ash flows during the combustion. The chemical fractionation was carried out according to Zevenhoven [4] . Samples of the pure fuels and samples of fly ashes from the co-combustion tests were prepared by drying at 105ºC and grinding to a particle size smaller than 5 mm. After that, the samples were subjected to three successive extractions using different solvents, i.e. water, 1M ammonium acetate and 1M hydrochloric acid.
The procedure is schematically described in Reference 4, 5 and 6.
The first step is intended to soak the fuel and to dissolve the water soluble compounds such as alkali metal salts. In the second step ion exchangeable elements, such as organically associated sodium, calcium and magnesium are replaced with ammonium ions and thus released to the liquid phase. In addition, part of the CaCO 3 in the fuel may become dissolved [4] . The third extraction step includes hydrochloric acid to remove acid soluble compounds such as carbonates and sulfates. The solid residue fraction consists of silicates, oxides, sulfides and other minerals [4] .
After each of the leaching steps the solid sample was washed by deionised water two times.
Leachate and washing water was collected in the same flask prior to analysis.
The results for pure fuels were then put together according to the fuel mix percentages used in the combustion cases and the calculated results were compared with those for the corresponding fly ashes.
Analytical methods
Leachates and solid samples were analysed for Ca, Al, Fe, K, Mg, Na, P, Si, S, Cl and Ti using 
SEM-EDX
The topology of fuel and ash particles as well as of the solid residues remaining after chemical fractionation and filtration were examined by Scanning Electron Microscopy (SEM). In addition, the distribution of important elements in the sample structures was examined using Energy Dispersive X-ray Fluorescence spectrometry (EDX). The electron beam induces emission of element specific X-ray wave lengths from the sample and by scanning the specimen surface with the detector element "maps" are obtained. In order to get information about the spatial variations in elements quantities in the samples, semi-quantitative point analyses were made.
In this work both high-vacuum and low-vacuum (environmental SEM or ESEM) electron microscopes were used. The ESEM option gives the advantage that susceptible and nonconducting materials can be examined without sample material damage. The specimen is mounted by spreading on a carbon adhesive tape. No covering by a conducting material is needed. The charge build up on the sample surface is removed by a small injection of water vapour using the low vacuum mode in the microscope.
X-ray powder diffractometry
The main crystalline compounds in ash samples from the co-combustion tests were identified by qualitative X-ray powder diffractometry (XRD) using a Siemens D5000 X-ray powder diffractometer with the characteristic Cu radiation and a scintillation detector. The identification of compounds was performed through comparison with standards in the Joint Committee of Powder Diffraction Standards [10] .
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Results and discussion
This investigation was focussed on the ash forming elements most commonly involved in sintering and fouling, i.e. K, Na, and Cl, as well as components which can hinder such problems,
i.e. phosphates, aluminium silicates, sulfur and calcium compounds. Table 1 gives the chemical composition of the fuels that were investigated and also includes the composition of the fuel mixes used in the co-combustion tests based on the percentage composition of different fuels as discussed above. The fuels were chosen based on the fact that they have very different chemical compositions and that their special ash components could be used to balance the amount of troublesome ash components in a co-combustion situation. As shown in Table 1 , the ash content varied between 0.3 to 50 wt-% and the water content between 7.0 to 74 wt-%. In addition, the alkali metal concentrations spanned over the range 3-110 g/kg dry ash. In biofuels (straw and wood), potassium is the most abundant alkali metal whereas refuse derived fuels (RDF) have higher concentrations of sodium originating for example from food packages contaminated with table salt (NaCl). In coal the concentration of alkali metals was very low and equal amounts of K and Na was found. Although coal has an origin in biological materials, i.e. plant tissues, the long period of coalification and contact with soil water has lead to a significant exchange of potassium with sodium [11] .
The Cl concentrations in the fuels ranged from almost zero for wood pellets up to 0.8 wt-% for the RDF.
Sewage sludge contains a lot of phosphorus that has its origin in the waste water [12, 13] . The phosphorus is precipitated and separated from the water phase in the waste water treatment plants. The sludges included in this study originated from waste water treatment plants using iron sulfate as phosphorus precipitant. In this process different solid iron phosphates, such as FePO 4 , are formed [12] . When considering differences in fuel compositions that may have an influence on the combustion properties it was noted that the fuel mix used in the reference case (Ref) had lower contents of moisture and ash than the other two fuel blends. The significant differences in concentrations of ash elements between the pure fuels were levelled out when the fuels were mixed. Thus, the concentrations of alkali metals and calcium in the fuel blends were rather similar. The principal differences was the lower content of S, Al and Fe in the "Ref" fuel mix and the large amount of chlorine in the "Waste" mix (Table 1) . Calculated molar ratios of Cl to Alkali (K, Na) showed that the fuel blend of the "Waste" case had the highest molar ratio with 0.96, whereas the ratio in the "Sludge" case was only 0.38 and the "Ref" case had a molar ratio Cl/Alkali of 0.48. This means that it was theoretically possible for nearly all Cl in the "Waste" case to form alkali chlorides in the combustion while there was just enough chlorine present to make it theoretically possible for about 50% of the alkali metal content in the "Sludge" and "Ref" cases to be present in chloride form.
Chemical fractionation of single fuels
The results from the chemical fractionation of pure (single) fuels are presented in Table 2 and 
Coal
The inorganic species in coal can be divided into two groups: those occurring in minerals and those bound in organic associations in the coal matrix. There is also a small fraction of water in the pores of the coal matrix and this water phase generally contains some dissolved salts, such as NaCl. A large number of minerals have been identified in coal samples [11, 14] . Different clay minerals and carbonates are by far the most abundant. In the chemical fractionation procedure, the carbonates would dissolve in the ammonium acetate and the hydrochloric acid step, whereas the clays, i.e. aluminium silicates, would stay in the residue. The coal that was studied here contains calcium mainly in carboxylic groups in the organic matrix and as carbonate. Only a small fraction is present in silicate form and some in water soluble salts. The potassium speciation was dominated by non-soluble forms, probably clay minerals. Sodium, however, was present in water soluble salts, probably NaCl as discussed above. The availability of potassium in different coals vary very much with the lowest availability (proximal 5%) found in high rank coals and an increased availability with decreased rank of the coal. In low rank coals as much as 50% of the potassium is available [3] . Only 40% of the chlorine in the coal was dissolved by water and acetate. This result is in accordance with the results of leaching studies on bituminous coals [15] showing that a large fraction of the Cl is organically associated in high rank coals.
The coal contained an amount of sulphur that corresponds to about 7% of the dry ash (21% calculated as sulfate). This sulphur mainly ended up in the insoluble residue which shows that sulphur occurs in minerals with low solubility, such as FeS 2 and ZnS [14] .
Sewage sludge
There were some differences in the composition of the two sewage sludges, but those were not large and the elements showed similar solubility patterns (Figures 2, 3 , S1 and S2).
Sewage sludge is not known to be a difficult fuel with respect to alkali related problems in spite of rather large concentrations of alkali metals and chlorine. The chlorine in the sludges studied here was mainly soluble, but the potassium was present in both soluble and more stable forms, an observation that can explain the absence of ash problems.
Sewage sludge contains high concentrations of aluminium silicates derived from the waste water.
Aluminium silicates (zeolites) are used as components in washing powder and are intended to deharden the water [16] . The original zeolites have their metal binding sites occupied by Na + ions which are more or less exchanged for Ca 2+ and Mg 2+ in the washing water. During the waste water treatment the zeolites continue to be involved in ion exchange processes, for example by capturing potassium. The zeolites are then included in the sewage sludge formed by flocculation and filtration. Since many zeolites have good adsorption properties at high temperature it may be possible that zeolites present in sewage sludge can bind vaporous metal species in combustion.
Kaolin, which is a layer-form aluminium silicate, has been shown to be a good absorbent for alkali metals at combustion temperatures [17, 18] . The zeolites used in detergents are not layer formed but have a structure with channel formed cavities, apart from that they have a chemistry that is related to that of kaolin. The aluminium present in the sludge samples was mainly soluble in the hydrochloric acid (1 mole/litre solution).The zeolites are decomposed in this low pH in the acid extraction step and release their content of calcium and aluminium [19] . The aluminium that remained in the solid phase after the acid extraction step was probably present in feldspars and similar minerals.
The sludges had the highest sulphur concentrations followed by coal and RDF. The sulphur in RDF, straw and wood pellets was found to be 40-50 % water soluble, in contrast to the sulphur in sewage sludge which was mainly not soluble at neutral or slightly acid pH. However, the combustion tests have shown that sulphur is released at high temperature as SO 2 anyhow.
Solid waste (RDF)
The RDF had an ash content of about 11% and important components of this inorganic part were Si, Ca, Na, K and Cl. The RDF consisted mainly of paper, plastics and wood, but also materials as rubber and textiles. Different metals were also found that were not properly removed prior to the manufacturing of the RDF. The RDF fuel had the highest chlorine concentrations among the investigated fuels. Many types of plastics, as for example PVC, contain Cl. The chlorine in the plastics is released in the combustion, but is not soluble with water or acetate making the fractionation method unreliable for the PVC fraction [8, 20] . As much as 55% of the chlorine in the RDF was not soluble and thus believed to derive from different plastics. Food packages with remaining salt were probably the source for soluble sodium and chlorine.
Aluminium was present only in acid soluble and non-soluble forms in this RDF. The non-soluble part of the aluminium might be present as oxide or silicate. It is common that municipal solid waste contains some aluminium metal which often is transported through the whole combustion chamber unit without being fully oxidised [21] . Aluminium metal is soluble at low pH (about pH 3) and would therefore be included in the HCl extraction step. Aluminium metal does not generally cause ash fouling, but it adds a risk to the ash handling since the aluminium metal remaining there will be hydrolysed as the ash is mixed with water and hydrogen gas will be evolved.
Straw
Straw is known to cause alkali related problems, such as bed agglomeration as well as building up corrosive deposits on the boiler tubes, during combustion [22, 23] . Most of these problems are caused by formation of volatile KCl and viscous potassium silicate melts. The results obtained here showed that the straw had by far the highest content of potassium of all fuels studied and nearly all of it was dissolved with water or acetate solution.
Calcium is the third important ash forming element in straw, next to potassium and silicon.
Straw, as other biofuels contain calcium as calcium oxalate and other calcium salts of carboxylic acids. These calcium compounds are soluble in water and acetate [24] . In the results obtained here 70% of the calcium content belonged to this group. The CaC 2 O 4 decomposes in two steps during combustion. The first step gives CaCO 3 and CO and in the next step the carbonate decomposes to CaO and CO 2 . [25] . Neither of these reactions causes any sintering or fouling problems.
Wood
The potassium and chlorine present in the wood fuel was almost entirely found in species soluble in water or acetate solution. Calcium, magnesium and sulphur were present in soluble forms to 50% or more, whereas silicon and aluminium occurred mainly in insoluble forms. Sodium seemed to be associated in both types of compounds. These results are in accordance with earlier results [4] . Probable potassium compounds are KCl and other potassium salts dissolved in the cell fluid. Silicon occurs mainly in supportive tissues, such as bark, as silicic acid and is thus expected to be insoluble. The speciation of sodium is less obvious, but some contamination with soil minerals, such as feldspars, is probable.
Chemical fractionation of fuel blends and ashes
As mentioned before, the fractionation results for the fuel blends are weighted results of the fractionations of the pure fuels used in the combustion tests producing the investigated ashes.
After each of the leaching steps the pH was measured giving that all the leachates from the water and acetate steps had pH with in the range of pH 6-7 for all the fuels and the leachates from the HCl step pH <1. This supports the assumption that the weighted results from pure fuels can be used to represent the fuel mixes. Three different combustion tests with different fuel mixes were made. The fly ash (a mix of secondary cyclone and bag filter ash) was fractionated in the same way as the single fuels. The results are presented in Table 3 . 
Reference
During combustion of the reference fuel mix (wood and straw as shown in Table 3 and in "Supporting Information" Figure S3 and S4 ) calcium, magnesium, potassium and sodium seemed to be transformed into more stable (less soluble) compounds in contrast to sulphur and chlorine which were more soluble in the ash than in the fuel. However, these results did not show the whole situation because it was not possible to close the element balance over the boiler well for this case. Especially K, S and Cl were accumulated in the boiler as deposits which will be discussed below.
Sludge
A comparison of the fractionation results of the fuel blends in which sewage sludge was used (Sludge and Waste) and the corresponding fly ashes showed that most of the alkali (Na, K) was harder bound after combustion, see Table 3 and Supporting information Figures S3 and S4. For K the part found in the solid residue and in the HCl leachate increased from 8% to 90% and for Na from 35% to 95%. The hard bound alkali fraction in this ash was much larger than the fraction in the "Ref" case which may suggest that aluminium silicates had captured alkali in the combustion.
No change was noted for chlorine which still was easily released in the water and acetate solutions from ash. Si and Al were also unchanged and these species were found in the HCl and residue fractions in the ash as well as in the fuel.
The only element that was found to be more soluble after combustion was sulphur. The fraction of sulphur ending up in the HCl leachate and solid residue decreased from 59% for the fuel to 13% for the fly ash. The water soluble fraction of S increased from 30% of the total S content to 67%. Since the amount of sulphur in the solid residue decreased from 40% to 3% a transformation of sulphides to sulfates may have taken place. The amount found in the NH 4 Acand HCl-leachates increases/decreases with 10% respectively.
Waste
Just as for the other two fuel mixes, the alkali metals become less soluble and the sulphur more soluble after combustion of the Waste fuel mix. The acid soluble and non soluble fraction of K and Na increased with 80% and 40% respectively, nearly as much as in the "Sludge" case, and that of S decreased with 30%. The "Waste" ash had a large concentration of Ca due to addition of Ca(OH) 2 upstream of the bag filter in order to neutralise acid gases, i.e. HCl and SO 2 , in the flue gas. This made it difficult to compare the solubility of Ca between fuel and ash. There was a significant difference in amount of Si between the totally dissolved ash and the fractions obtained in the fractionation experiments. This could depend on sampling problems, inhomogeneous samples or inefficient dissolution of the sample intended for total content analysis. The analytical results for sulphur and chlorine showed major deviations as well despite that the main samples were carefully divided to yield representative sub samples for analysis.
Fly ashes
The fly ash analyses and fractionation results of the fly ash fractions of the three combustion cases are presented in Table 3 . [8] and some Na, S and P. Hence, part of the alkali metals, chlorine, calcium and sulphur was captured and did not reach the secondary cyclone, bag filter or flue gas.
Regarding the "Sludge" case, however, the element balances agreed very well considering the size of the boiler with an average deviation of +8.5% and there was no deposit formation, just a fine dust layer on the deposit probe, Figure S7b [8]. The element balances over the boiler in the "Waste" case had a good closure as well, Table 4 , but no deposit probe was inserted during this combustion test.
The element distributions and molar flows for Na, K, Ca, Al, S and Cl in the different ash fractions in the three cases are shown in Table 4 . As mentioned above, there were clear differences between the cases regarding the distribution of potassium. In the "Ref" case only 76%
of the K introduced with the fuel was found in the ashes in contrast to the "Sludge" and "Waste" cases were all K was found in the ashes. In these cases most of the potassium ended up in the secondary cyclone ash with minor parts being found in the bag filter ash and the bottom bed material in contradiction to the "Ref" case were most K was found in the bed ash. The distribution of Na, Ca and Al in the ashes is much the same as for K. These elements were primarily found in the secondary cyclone ash in the "Sludge" and "Waste" cases and in the bed Approximately 64% of the sulfur and chlorine leaving the boiler in the "Ref" case was found in the flue gas. Of the fractions found in the ashes most of the sulphur was included in the secondary cyclone ash, whereas most of the chlorine was carried over to the bag filter. When sewage sludge was included in the fuel mix, however, as much as 84% of the total S and 98% of the total Cl was found in the flue gas. Most of the remaining sulphur was collected in the bag filter as CaSO 4 (Table 5 ). Phosphorous, which is a significant component of the sludge, probably formed various phosphates with calcium, potassium and iron. A calcium-iron-phosphate and a calcium-magnesium-potassium-phosphate were identified with XRD ( Table 5 ). The binding of calcium by the phosphate in sewage sludge is an important mechanism since it interferes with the formation of calcium sulfate and leads to increased SO 2 levels in the flue gas. On the other hand, the sewage sludge seems to bind potassium, which is a positive effect. The amount of KCl vapour measured before the convection pass with the IACM decreased to zero during the "Sludge" case which means that there is a decreased tendency to ash deposit formation and corrosion. The fact that no deposits were found on the deposit probe supports this.
The results obtained indicate that potassium is involved in different reaction mechanisms in the three investigated combustion cases. Chlorination and sulphatation of K are important in the "Ref" case whereas in the "Sludge" and "Waste" cases the Cl is released to the gas phase as HCl and the K is found in the secondary cyclone ash together with most of the Si and Al. The
Chemical fractionation shows that this K is hard bound in the ash from these cases but not in the "Ref"case, Table 3 . The XRD results for the ash samples verified that this is the case. Potassium chloride and potassium sulfate were identified in ash from the Reference case but not in ashes from the other cases. There, potassium was instead present only in the feldspar form (KAlSi 3 O 8 ).
However, in this discussion it is important to remember the limitations of XRD: it shows only crystalline compounds and compounds occurring in crystallites that are not too small with a detection limit of about 2-3 wt-%. Nanometre sized crystallites are too small and will not give a good diffraction pattern. In addition, compounds which have a tendency to become amorphous at high temperature are not possible to identify. Zeolites and other silicates are examples of this type of compounds. The zeolite normally used in detergents (ZeoliteMAP) is not very stable at high temperature and a significant part of it has probably become amorphous during combustion.
There were, however, diffraction patterns showing the presence of a significant amount of zeolite type sodium and/or potassium silicates in the secondary cyclone ash from the Sludge case. The sand used as bed material in the boiler was analysed by XRD as well. The only crystalline compound found was quartz (SiO 2 ), which was consistent with the element analysis for the sand, indicating a quartz content higher than 99%.
SEM-EDX analysis
The Clear correlations between Fe, P and Al was also found for the "Sludge" and "Waste" ashes indicating that the FePO 4 from the waste water treatment had not been decomposed during combustion. Formation of aluminium phosphate is suggested as a candidate for decomposed FePO 4 if there is a lack of calcium [26] although no aluminium phosphate was identified by XRD in the ash samples. Iron containing phosphates were found in ash from the case "Sludge" (Table   5 (Table S1 and Figure S14 ).
These results showed, as the element mapping results also did, clear correlations between Ca, K and S. Silicon occurred as a major element in all spot analyses which was mainly due to the presence of quartz sand elutriated from the fluidised bed, but also from silica in the fuels.
When phosphorus occurred, it occurred together with Fe, K and Ca which could be expected since these cations, especially Ca, have a strong tendency to form phosphates together with potassium [27] . In addition, Fe 2 O 3 (haematite), Ca 9 Fe(PO 4 ) 7 , Fe 7 (PO 4 ) 6 were identified in the secondary cyclone ash (Table 5) and Fe 2 O 3 in the filter ash which also confirmed earlier results [12] .
The results for the cyclone ash from the Sludge case given in Table S1 agrees well with the XRD results ( Table 5) since they showed Al, Si, K, Ca, P and Fe as important elements in most spots analysed. Occasionally (spot 8 in Table S1 ), Al, Si and K with only traces of P and Fe was found.
This was most probably a KAlSi 3 O 8 crystal that may have been formed through high temperature transformation of a potassium exchanged zeolite.
The result for the spot analyses of the sec. cyclone ash from the "Waste" case agreed well with the composition of the fuel blend and the fractionation results for the ashes, Table 3 . All of the sec. cyclone ashes were inhomogeneous consisting of very different particles and the "Waste"
ash was the one with the largest differences, Figure S14 . Spot 1 was a spherical calcium silicate, whereas spot 2 included all elements in the list. No particles containing any significant amounts of S or Cl was found as expected considering the results in Table 4 and 5.
The filter ash from this case contained nearly 90 wt-% of the Cl introduced to the combustion with the fuel, Table 4 . Mappings and spot analyses show that this chlorine is found in particles mainly consisting of Ca and O, but also some S, Si, Al, Mg and Fe. The molar ratio of Ca/S in these particles varies but is in average around 3. The Cl in the filter ash originates from HCl transported with the flue gas. It reacts with the lime in the filter cake to form CaCl 2 or CaOHCl [21] . The hydrated lime addition increases the filter ash flow with nearly 5 times its weight.
Conclusions
The fuels investigated in this study had very different properties both in composition and behaviour during combustion. RDF had the highest concentrations of chlorine and sodium among these investigated fuels and also high concentrations of potassium. About 50% of the amount of these components was soluble by H 2 O and NH 4 Ac, thus considered available during combustion.
The only fuel having higher concentrations of potassium and chlorine available was the straw fuel.
The fractionation results for the two different sewage sludges showed similar solubility patterns.
They contain high concentrations of potassium of which 40 to 60% are easily soluble. The results from fractionation of the fuels are supposed to predict the tendency for an element to create problems such as sintering and fouling. The alkali metals along with chlorine and sulphur are usually involved in such processes. In this work, the fractionation results for the bio fuel showed significant amounts of these elements in forms with a problematic behaviour which also was observed in the combustion tests. In the Ref case 50% of the sulphur and chlorine were lost as deposits in the boiler and 50% of the remaining share was found in the flue gas. On the other hand, K, Na and Cl were pointed out as potential ash deposit formers by the fractionation results for fuel mixes Sludge and Waste as well, but no deposits or any other problems were observed.
Thus, the fuel mixes used in this work gave favourable combinations of ash forming compounds with ability to capture alkali metal species and decrease sintering and fouling.
Fractionation of the fly ashes from the combustion tests was made with the aim to compare the stability of the elements before and after combustion. The results indicated that a number of transformation reactions occur. The elements potassium, sodium, calcium and magnesium were found in more stable forms in the ash flows after combustion in all three cases, whereas sulphur and to some extent chlorine were more stable prior to combustion.
In the cases studied here, the sewage sludge probably provided some ash forming components, most likely aluminium silicates, iron compounds and different phosphates, that worked favourably by immobilising K, Na and Cl. The reduction of vaporous KCl was nearly total in both secondary cyclone ash and bag filter ash when co-firing with sludge. In the "Sludge" case 98% of the Cl was found in the flue gas. In the "Waste" case the HCl in the gases was captured by the hydrated lime addition prior the bag filter, thus collected in the filter ash. The fly ashes from the combustion of fuel mixes with sludge showed the presence of KAlSi 3 O 8 , NaAlSi 3 O 8 and zeolite residues. Thus, a binding of K in zeolites in combustion is indicated. The exact mechanism is not clear but a laboratory investigation has been initiated with the aim to clarify this.
Chemical fractionation is a good predictor of sintering tendencies of coals and most bio fuels and mixes of these fuels, estimating the amount of reactive alkali and chlorine. However, the results obtained in this work show that the method is not suitable for waste fuels, such as sewage sludge and RDF. For waste fuels chemical fractionation of the fly ashes produced in an test combustion probably is a more promising method to show if the alkali metals can be expected to be absorbed and bound by other ash compounds during combustion. Figures S8 to S10, SEM-EDX mappings on sludge 1, sludge 2 and RDF.
Figures S11 to S13, SEM-EDX mappings on secondary cyclone ashes from the "Ref", "Sludge"
and "Waste" cases. Figure S14 , pictures on the ashes with markings showing the SEM-EDX-spots. Table S1 , the results of the spot analyses of the three different combustion cases "Ref", "Sludge"
and "Waste".
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The supporting information contains figures ( Figure S1 to S6) showing the fractionation results on fuels, fuel blends and ashes, pictures of the deposit probes ( Figure S7 ), SEM-EDX mapps on sludge 1, sludge 2 and RDF ( Figures S8 to S10 ), SEM-EDX mapps on secondary cyclone ashes ( Figure S11 to S13), Pictures showing the spot analysis on the secondary cyclone ashes ( Figure S14 ) and a table (Table S1) showing the spot analyse results of the secondary cyclone ashes.
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Chemical fractionation of single fuels Table 7 . The x marks the location of the spot and S1 corresponds to Spot 1. Table S1 : Results from the spot analyses. The spots were chosen within the same areas as the mapping results in Figure S11 and S12 and the same sample as Figure S13 .
